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(57) ABSTRACT 

A Single chip hybrid regulator is disclosed having a first 
Stage being a Switching regulator and a Second Stage being 

Vin 

a linear regulator. The Switching regulator uses a filter circuit 
including an inductor and a capacitor. To make the hybrid 
regulator very Small, the inductor value is Selected So that 
the inductor Saturates at a current level well below the 
maximum load current for the regulator. At low load cur 
rents, the Small inductor does not Saturate, and the regulated 
Voltage applied to the input of the linear regulator presents 
only a Small differential Voltage across the Series transistor 
of the linear regulator, resulting in very little power being 
wasted by the Series transistor. At higher currents, the Small 
inductor begins to Saturate or fully Saturates; however, the 
increased ripple is Smoothed by the linear regulator. For 
applications, Such as cell phones, where the regulator oper 
ates at low currents for the vast majority of the time, the 
overall efficiency of the regulator is extremely high and the 
regulated Voltage is very Smooth. AS the inductor becomes 
highly Saturated, or if the Switching regulator cannot Supply 
Sufficient current, the Switching regulator may be bypassed 
by the closing of a Switch to continuously couple the power 
Supply input Voltage to the input of the linear regulator. 
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HIGH EFFICIENCY LINEAR REGULATOR 

FIELD OF THE INVENTION 

0001. This invention relates to voltage regulators and, in 
particular, to a hybrid regulator comprising a Switching 
regulator and a linear regulator. 

BACKGROUND 

0002 Switching regulators and linear regulators are well 
known types of Voltage regulators for converting an unregu 
lated Voltage, Such as a battery Voltage, to a regulated DC 
Voltage of a desired value. One type of Switching regulator 
is a pulse width modulation (PWM) regulator that turns a 
Switching transistor on and off at a certain frequency. In a 
conventional buck regulator topology, the power Supply 
Voltage is intermittently coupled to an inductor, and the 
inductor conducts a triangular current waveform to recharge 
an output filter capacitor. The charged filter capacitor pro 
vides a relatively constant Voltage to the load. A feedback 
Signal, which is typically the output voltage, determines 
when to Shut off the Switching transistor during each Switch 
ing cycle. The Switch on-time percentage is called the duty 
cycle, and this duty cycle is regulated So as to provide a 
Substantially constant Voltage at the output despite load 
current changes. There are many types of Switching regu 
lators. 

0003) A linear regulator, also referred to as a low dropout 
(LDO) regulator, controls the conductance of a transistor in 
Series between the unregulated power Supply and the output 
terminal of the regulator. The conductance of the transistor 
is controlled based upon the feedback Voltage to keep the 
output voltage at the desired level. 
0004 Switching regulators are generally considered to be 
more efficient than linear regulators Since the Switching 
transistor is either on or off. When a transistor is fully on, 
Such as in Saturation or near the edge of Saturation, the 
transistor is a highly efficient Switch, and there is a minimum 
of wasted power through the Switch. However, due to the 
pulsing of the current through the Switch, a relatively large 
Size filter circuit, consisting of an inductor and a capacitor, 
is needed So as to provide a low-ripple regulated Voltage at 
the output. The inductor must be sized to not Saturate at the 
highest rated load current for the Switching regulator under 
Worst case conditions. The size of the capacitor is based 
upon the frequency of the Switching regulator and the 
allowable ripple. Accordingly, it is difficult to provide a very 
Small Switching regulator, including the filter circuitry, in a 
very Small size while Supplying a low-ripple regulated 
Voltage. 
0005. A linear regulator, on the other hand, provides a 
very Smooth output Since the Series transistor is always 
conducting. However, due to the large Voltage differential 
acroSS the transistor, power is wasted through the transistor, 
and Substantial heat may be generated. 
0006. It is known to use a linear regulator at the output of 
a Switching regulator to further Smooth the output of the 
Switching regulator for applications which require extremely 
Steady regulated Voltages. However, the resulting power 
Supply is still relatively large due to the Switching regulator 
inductor being sized So as not to Saturate at the maximum 
load current under worst case conditions. The Size of the 
inductor and capacitor dominate the overall size of the 
regulator. 
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0007 What is needed is a smaller size regulator that 
Supplies a very Smooth regulated output with high efficiency. 

SUMMARY 

0008 An extremely compact hybrid regulator is dis 
closed having a first stage being a Switching regulator and a 
Second Stage being a linear regulator. The Switching regu 
lator uses a filter circuit including an inductor and a capaci 
tor. To make the hybrid regulator very small, the inductor 
value is Selected So that the inductor Saturates at a current 
level well below the maximum load current. For example, 
the inductor value may be less than one quarter that of the 
conventionally Selected inductor value for a similar Switch 
ing regulator application. 

0009. At low load currents, the small inductor does not 
Saturate, and the inductor/capacitor filter presents a low 
ripple Voltage to the input of the linear regulator, where the 
low-ripple Voltage is slightly higher than the desired output 
Voltage of the linear regulator. The Small Voltage differential 
acroSS the linear regulator Series transistor results in very 
little power wasted by the series transistor. The highly 
efficient linear regulator Smoothes out any ripple, resulting 
in a very Smooth regulated Voltage. 

0010. At higher currents, the small inductor begins to 
Saturate or fully Saturates, greatly reducing its inductance 
value and causing the inductor to act more like a resistor or 
Short circuit. At these higher currents, the ripple at the output 
of the Switching regulator is much greater, causing the 
Voltage differential acroSS the Series resistor of the linear 
regulator to be greater. The Series transistor Smoothes out the 
ripple to present a Smooth regulated output Voltage at the 
output of the linear regulator. The increased inefficiency of 
the linear regulator, due to the higher differential, is accept 
able in applications where the electrical device incorporating 
the regulator operates at low currents for a majority of the 
time, Such as the case with cellular telephones. 
0011 Since the linear regulator smoothes the output of 
the Switching regulator, the Switching regulator can be very 
Simple and Small, further reducing the size of the hybrid 
regulator. 

0012. As the load current further increases, the inductor 
increasingly Saturates and the peak-to-peak ripple Voltage 
into the linear regulator increases, causing the Switching 
regulator to become leSS and less effective in reducing the 
differential acroSS the Series transistor. Also, due to the Small 
Size of the Switching regulator and the filter circuitry, the 
maximum current delivered by the Switching regulator may 
be below that needed by the load. To overcome these issues, 
at a certain threshold current, a Switch is closed to cause the 
power Supply Voltage to be continuously coupled to the 
input of the linear regulator, effectively bypassing the 
Switching regulator. The coupling of the power Supply 
Voltage to the linear regulator may be made through the 
Switching transistor being forced on or through a separate 
Switch completely bypassing the Switching regulator. To 
further increase efficiency at high currents, the control 
circuitry for the Switching regulator may be completely shut 
down. 

0013 The resulting hybrid regulator, including the induc 
tor, can be formed on a Single chip using conventional 
techniques, unlike regulators where the inductor must be 
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sized to not Saturate under worst case conditions. If the 
Switching frequency is Sufficiently high, the capacitor can 
also be formed on the same chip as the regulator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.014 FIG. 1 is a block diagram illustrating one embodi 
ment of the invention. 

0.015 FIG. 2 is a high level circuit diagram of one 
embodiment of the hybrid regulator of FIG. 1, where a 
PWM regulator is used as the Switching regulator. 

0016 FIG. 3 illustrates another embodiment of the 
hybrid regulator where a bang-bang type of Switching regu 
lator is used. 

0017 FIG. 4 illustrates another embodiment of the 
hybrid regulator where an output current is Sensed for 
determining when to continuously couple the power Supply 
Voltage to the input of the linear regulator. 
0018 FIG. 5 is a particular embodiment of the circuit of 
FIG. 4. 

0019 FIG. 6 illustrates a hybrid regulator where the 
Switching regulator controls Synchronously Switched tran 
Sistors and where the Switching regulator is bypassed at high 
CurrentS. 

0020 FIG. 7 illustrate a hybrid regulator with a current 
limit circuit Sensing the DC output of the linear regulator. 

DETAILED DESCRIPTION 

0021 FIG. 1 illustrates a hybrid regulator 10 including a 
Switching regulator 12 and a linear regulator 14, also 
referred to as a low dropout (LDO) regulator. Switching 
regulator 12 may be any type of regulator, as further 
described below. 

0022 Switching regulator 12 controls a Switch (not 
shown) to be on and off, using various types of techniques, 
So as to intermittently couple the power Supply Voltage Vin 
to the input of an inductor 16. The amount of time that the 
Switch is on versus the total time is called the duty cycle and 
determines the Voltage at node 17 at a particular load 
current. As will be discussed below, inductor 16 is relatively 
Small since it is intended to Saturate well below the maxi 
mum load current. 

0023. When the Switch is turned on, Vin is coupled to the 
input of inductor 16, which generates a ramped current 
through inductor 16. This ramped current charges filter 
capacitor 18, which causes a rising voltage at node 17. When 
the Switch turns off, the voltage at the left end of the inductor 
reverses polarity and diode 22 conducts to complete the 
circuit to ground. Diode 22 is typically a Schottky diode, 
which has a Voltage drop that is lower than a conventional 
PN diode. The energized state of inductor 16 causes the 
current to now ramp down until the Start of the next 
Switching cycle. Capacitor 18 filters the triangular waveform 
So as to crate a low-ripple Voltage at node 17. 
0024. In conventional Switching regulators, the sizes of 
the inductor and capacitor are Selected to produce a very low 
ripple under worst case conditions. However, as discussed 
further below, the sizes of inductor 16 and capacitor 18 may 
be made small since the LDO regulator 14 Smoothes out 
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even a high peak-to-peak ripple Voltage. Accordingly, the 
Switching regulator 12 and the filter circuitry may be made 
very Small. 

0025, LDO regulator 14 includes a series transistor 
between its input and output, where the conductance of the 
Series transistor is controlled by Sensing a feedback Voltage 
Vfb. The feedback Voltage and a reference Voltage are input 
to an error amplifier, and the output of the error amplifier is 
coupled to the gate or base of the Series transistor to 
constantly adjust the conductance of the Series transistor to 
match the feedback Voltage with the reference Voltage. Thus, 
the regulated Voltage to the load 20 is extremely Smooth. 
0026. In conventional Switching regulators, inductors are 
chosen to not saturate under worst case conditions (e.g., 
maximum load current and lowest power Supply voltage). 
Also, in conventional designs, the inductor value Selected 
(typically on the order of tens or hundreds of microhenries) 
is much greater (e.g., 5x) than the minimum value for 
avoiding Saturation Since higher inductor values reduce peak 
inductor currents So as to reduce losses. Accordingly, typical 
prior art inductor values in conventional Switching regula 
tors may be multiple times that needed to avoid Saturation, 
resulting in a relatively large inductor that could not be put 
on the same chip as the regulator. 
0027. The present invention uses a relatively small induc 
tor that is sized So as to not Saturate at low current levels 
(e.g., up to 25% of maximum load current) where the 
electrical device incorporating the regulator typically oper 
ates a majority of the time. For example, in cellular tele 
phones, for the vast majority of the time, the cell phone is in 
a sleep mode, drawing as little as 1 mA. While in the 
transmitting mode, the cell phone may draw 100 mA. 
Accordingly, for a cell phone application, the value of 
inductor 16 in FIG. 1 may be selected so that it begins to 
Saturate at a load current of, for example, 20 mA or less. 
Such an inductor may be less than 10 microhenries. In 
contrast, a conventional inductor value used for Such a cell 
phone may be 60 microhenries or higher to avoid Saturation 
at the maximum load current. The inductance value of 
inductor 16 depends on many factors and must be calculated 
for the particular application. Such a Small inductor can be 
fabricated on-chip So as to greatly reduce the size and cost 
of the hybrid regulator 10. 

0028 Assuming that inductor 16 begins to saturate at 
25% of the maximum load current, the effective inductor 
value Starts dropping as the inductor acts more and more like 
a resistor (or short circuit). This increases the ripple into the 
LDO regulator 14, but this ripple is smoothed by the 
constant control of the series transistor in LDO regulator 14. 
AS the differential across the Series transistor increases, the 
efficiency of the LDO regulator 14 is reduced, but this 
temporary lowering of efficiency does not offset the benefits 
of the high efficiency operation of the regulator 14 at lower 
load currents due to the infrequent operation at the higher 
CurrentS. 

0029. The inductor 16 may be chosen to begin Saturating 
at any percentage of the maximum load current, Such as 
50%, 25%, and even 10% or less depending upon the 
particular application in which the regulator is used. 

0030 FIG. 2 illustrates a conventional Switching regu 
lator 12 and a conventional LDO regulator 14 connected as 
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shown in FIG. 1. The voltage at the filter capacitor 18 is 
applied across a resistor divider R1/R2 so that, at the desired 
capacitor 18 voltage, the divided Voltage equals a reference 
Voltage 24. The divided Voltage and reference Voltage are 
applied to an error amplifier 26, whose output is coupled to 
the input of a comparator 28. A compensation capacitor (not 
shown) may be coupled to the output of the error amplifier 
26. To the other input of comparator 28 is coupled a 
sawtooth waveform of an oscillator 30. When the ramped 
signal from oscillator 30 is below the error amplifier 26 
level, the comparator 28 Supplies an on Signal to driver 32, 
which turns on a driver MOSFET 34. Driver MOSFET 34 
provides the base current to an NPN transistor 36, which 
connects the power supply voltage Vinto inductor 16. When 
the oscillator ramp crosses the error amplifier 26 level, 
transistor 36 is turned off. 

0031) The turning on and turning off of the NPN tran 
Sistor 36 causes a generally triangular current waveform to 
flow through inductor 16. Filter capacitor 18 charges and 
discharges to generate a rippling output voltage at its node. 
A series transistor 38 in LDO regulator 14 is controlled by 
an error amplifier 40 receiving a divided output Voltage and 
a reference Voltage. Error amplifier 40 controls the conduc 
tance of series transistor 38 to be whatever conductance is 
needed to match the feedback Voltage to the reference 
Voltage. The conductance varies So as to greatly reduce the 
relatively high ripple Voltage at the node of capacitor 18. The 
Series transistor may be any type of transistor Such as a Por 
N type MOSFET or bipolar transistor. 

0032. Many types of Switching regulators and LDO regu 
lators are known. Since the requirements of the Switching 
regulator are very lax, Switching regulator 12 may be made 
very simple and Small and consume little power. 

0.033 FIG. 3 illustrates another type of Switching regu 
lator 12 that includes a hysteretic comparator 44 and an 
oscillator 46. Comparator 44 compares the feedback Voltage 
at the node of capacitor 18 to a reference voltage. If the 
feedback Voltage is too low, oscillator 46 is turned on to 
Switch transistor 48 on and off to incrementally charge 
capacitor 18 at a fixed duty cycle. Each pulse charges 
capacitor 18 a predetermined amount until the feedback 
Voltage increases above the reference Voltage, turning com 
parator 44 off. The regulator 12 is then dormant until 
capacitor 18 has discharged to the point where the feedback 
Voltage is below the reference Voltage by a certain amount. 
The relatively large Voltage Swings at the node of the 
capacitor 18 are smoothed by LDO regulator 14 as described 
above. Switching regulator 12 is Sometimes referred to as a 
bang-bang regulator and is extremely simple, Small, and 
highly efficient Since, at low currents, it is dormant except 
for comparator 44. 

0034 FIG. 3 also introduces a current sense signal 50 
that senses the load current. Signal 50 could be used for 
various purposes, Such as Shutting down the regulator 10 for 
an overcurrent condition and/or overriding Switching regu 
lator 12 to force transistor 48 to be constantly on at high 
currents (e.g., over 50% of the maximum load current) So as 
to effectively couple Vin to the input of LDO regulator 14 
through the highly Saturated inductor 16. For example, the 
Small size of regulator 12 and filter circuitry may be Such 
that regulator 12 cannot Supply Sufficient current to power 
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the load at above the sense signal 50 level. Sense signal 50 
then triggers transistor 48 to remain on until the Sense Signal 
50 drops below a threshold. 
0035. The Switching regulator 12 may be other types, 
Such a constant-off time type, a variable frequency type, a 
current mode type, a boost type, a buck/boost type, or other 
type. In certain topologies (e.g., boost), the inductor is 
couple to the LDO regulator through a diode. 

0036 FIG. 4 illustrates the use of the current sense signal 
50 for closing and opening a separate switch 52. Switch 52 
is closed when the load current exceeds a certain threshold. 
This current threshold may be at the point where inductor 16 
becomes Sufficiently Saturated during each Switching cycle 
So as to provide little filtering of the pulsed current through 
the Switching transistor internal to Switching regulator 12, as 
explained in more detail below. When the Switching tran 
Sistor in regulator 12 is on, the current through inductor 16 
increases. At Some Sufficiently high current, inductor 16 will 
begin to Saturate and the Slope of the current through the 
inductor will increase more and more as the inductor 
becomes more and more Saturated. This increases the ripple 
of the voltage applied to the input of the LDO regulator 14 
and thus causes the increased differential across the Series 
transistor to lower the efficiency of the LDO regulator 14. At 
Some point, the benefits of the Switching regulator 12 portion 
become trivial or nonexistent and regulator 12 is bypassed 
by Switch 52 closing to continuously couple the power 
supply Vinto the input of the LDO regulator 14. An example 
of Such a current Switching point may be 25-75% of the 
maximum load current. When the sensed current is below 
the threshold, Switch 52 is opened. Switch 52 may simply be 
a transistor that receives a signal from a hysteretic compara 
tor comparing the current Sense Signal to a reference Signal. 

0037) Switch 52 may also be closed at the point where 
Switching regulator 12 can no longer Supply adequate cur 
rent to the load. 

0038 FIG. 5 illustrates in more detail one embodiment 
of a circuit for carrying out the function of FIG. 4. In FIG. 
5, the PMOS switching transistor 54 also serves as the 
Switch 52 in FIG. 4. A current sense amplifier 56 measures 
the load current through resistor 58 by detecting the voltage 
drop. The Sense Signal is then compared by a current 
comparator 60 to a current reference, where comparator 60 
generates a high Signal when a threshold Signal is exceeded. 
This signal is applied to a NOR gate 62 that also receives the 
Switching regulator control Signal So that either the control 
Signal or the comparator 60 signal will turn on the Switching 
transistor 54. As long as the current through resistor 58 
exceeds the threshold, NOR gate 62 will force transistor 54 
to be on, coupling Vinto the LDO regulator 14 through the 
fully saturated inductor 16. The term fully saturated is 
defined herein to mean that the effective inductor value is 
less than 10% of its non-Saturated value. 

0039 The output of comparator 16 may also be applied 
to a shut down terminal or a Sleep/Standby terminal of the 
Switching regulator 12 So as to shut down the control 
circuitry while transistor 54 is being forced on. 
0040 Sensing the current at the output of the LDO 
regulator 14 is very simple Since regulator 14 is on all the 
time. This obviates the need for Switching regulator 12 to 
Sense the current. 
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0041 FIG. 6 illustrates a circuit similar to FIG. 5 except 
that the Switching regulator 12 is one that Synchronously 
Switches a high side switch 64 and a low side Switch 66, 
which acts as a Synchronous rectifier to replace diode 22. 
AND gate 68 ensures transistor 66 is off when transistor 64 
is continuously turned on when the output current exceeds 
the threshold of comparator 60. 

0042. Using the various techniques described above, the 
inductor is allowed to Saturate below the maximum load 
current with no adverse effects. This enables the use of an 
inductor of, for example, less than 50% the size of the 
conventional inductor size. For applications Such as cell 
phones and other relatively low power equipment, Such an 
inductor can easily be placed on the same chip as the entire 
hybrid regulator. In one embodiment, only the filter capaci 
tor 18 is external to the chip. Capacitor 18 may be placed on 
the chip if the Switching frequency is Sufficiently high. The 
size of the inductor will be selected based upon efficiency 
and operational tradeoffs. For example, if 95% of the time 
the load is operating at less than 10 percent of the maximum 
current, the size of the inductor may be Selected to begin 
Saturating at 20 percent of the maximum load current Since 
any decrease in efficiency due to the Saturated inductor in the 
high current operation is offset by the increased efficiency at 
the lower current operation. 

0043. The overall result is a single chip hybrid regulator, 
having an efficiency on the order of 80%, that produces an 
extremely Smooth voltage due to the LDO regulator 14. 

0044 FIG. 7 illustrates an additional benefit of connect 
ing a LDO regulator to the output of a Switching Voltage 
regulator, where a current limit circuit Senses the DC current 
output of the LDO regulator 14 in order to detect a poten 
tially damaging overcurrent condition. If only a Switching 
regulator were used to Supply power to a load, the current 
limit circuitry would have to Sense the current through the 
Switching transistor 54 of the Switching regulator. Such a 
current limit circuit has drawbacks Since the current through 
the Switching transistor is typically a triangular waveform 
due to the inductor preventing instantaneous changes in 
current through the transistor 54. Since Setting the current 
limit is typically a thermal consideration (a Sustained high 
current generates heat), an instantaneous peak current of a 
triangular waveform exceeding the current limit would 
prematurely shut down the regulator Since the regulator 
could have tolerated the trigger current for a much longer 
period without damage. Accordingly, the current limit cir 
cuits in the prior art Switching regulators that measure the 
instantaneous Switching transistor current are typically 
designed too conservatively since the current limit circuit 
cannot distinguish between an instantaneous high current of 
a triangular waveform and a Sustained high current. A 
designer could place a Sense resistor at the DC output of the 
Switching regulator's filter capacitor to measure the DC 
current (average current through the Switching transistor) 
but this requires connections external to the chip and more 
expense. 

0045 Since, in FIG. 7, the LDO regulator 14 series 
transistor is always on, the output current is essentially 
constant, and it is very easy to measure the current through 
the Series transistor and thus the average current through the 
Switching transistor 54. A constant current provides the best 
indication of a potentially damaging overcurrent condition. 
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By measuring the DC current, rather than a triangular 
waveform, it is known that an overcurrent will be Sustained 
and thus harm the regulator unless the regulator is shut 
down. The current Sense amplifier 56 and current compara 
tor 60 are used to detect when the current through the series 
resistor 58 exceeds a current limit threshold set by Vref. 
Such a current limit is a level above which the regulator may 
be damaged or above which the regulator can no longer 
regulate the Voltage. The output of comparator 60 is shown 
connected to a shutdown terminal of the Switching regulator 
12 to Stop the current flow when the output current exceeds 
the limit. A reset circuit may be included to turn the regulator 
back on in the event the overcurrent situation has ended. 

0046) The series resistor 58, current sense amplifier 56, 
and comparator 60 can easily be formed on the same chip as 
the Switching regulator 12 and LDO regulator 14. 
0047 Having described the invention in detail, those 
skilled in the art will appreciate that, given the present 
disclosure, modifications may be made to the invention 
without departing from the Spirit and inventive concepts 
described herein. Therefore, it is not intended that the scope 
of the invention be limited to the specific embodiments 
illustrated and described. 

What is claimed is: 
1. A voltage regulator comprising: 
a Switching Voltage regulator comprising a power Switch 

electrically coupled to a first terminal of an inductor, 
the Switch being controlled to turn on and off based on 
a feedback Signal to the Switching Voltage regulator; 
and 

a linear regulator, having an input electrically coupled to 
a Second terminal of the inductor, for Smoothing out 
ripples in the Voltage applied to the input and output 
ting a regulated Voltage, 

the combined Switching regulator and linear regulator for 
providing a maximum load current, the inductor having 
an inductance value Such that the inductor at least 
partially Saturates at load currents below the maximum 
load current. 

2. The regulator of claim 1 wherein the input of the linear 
regulator is directly coupled to the Second terminal of the 
inductor. 

3. The regulator of claim 1 wherein the inductor begins to 
Saturate at 75% of the maximum load current. 

4. The regulator of claim 1 wherein the inductor begins to 
Saturate at 50% of the maximum load current. 

5. The regulator of claim 1 wherein the inductor begins to 
Saturate at 40% of the maximum load current. 

6. The regulator of claim 1 wherein the inductor begins to 
Saturate at 30% of the maximum load current. 

7. The regulator of claim 1 wherein the inductor begins to 
Saturate at 20% of the maximum load current. 

8. The regulator of claim 1 wherein the inductor begins to 
Saturate at 10% of the maximum load current. 

9. The regulator of claim 1 wherein the inductor fully 
Saturates at a current below at 75% of the maximum load 
Current. 

10. The regulator of claim 1 wherein the Switching 
regulator is a buck regulator. 

11. The regulator of claim 1 wherein the Switching 
regulator is a pulse width modulation regulator. 
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12. The regulator of claim 1 wherein the linear regulator 
comprises an error amplifier controlling the conductance of 
a Series transistor coupled between the input and output of 
the linear regulator. 

13. The regulator of claim 1 wherein the combined 
Switching regulator and linear regulator is formed as a Single 
integrated circuit. 

14. The regulator of claim 1 wherein the combined 
Switching regulator, linear regulator, and inductor is formed 
as a Single integrated circuit. 

15. The regulator of claim 1 further comprising a filter 
capacitor coupled to the Second terminal of the inductor. 

16. The regulator of claim 1 further comprising: 
a current Sensor for Sensing when a current exceeds a 

threshold and, in response to the Sensing, issuing a first 
Signal; and 

logic circuitry coupled to the power Switch for forcing on 
the power Switch in response to the first Signal So a 
power Supply input Voltage terminal is continuously 
coupled to the input of the linear regulator. 

17. The regulator of claim 16 wherein the first signal is 
generated at a current level that causes the inductor to be at 
least partially Saturated during a Switching cycle. 

18. The regulator of claim 1 further comprising: 
a current Sensor for Sensing when a current exceeds a 

threshold and, in response to the Sensing, issuing a first 
Signal; and 

a Switch, other than the power Switch, for continuously 
coupling a power Supply input Voltage terminal to the 
input of the linear regulator in response to the first 
Signal. 

19. The regulator of claim 18 wherein the first signal is 
generated at a current level that causes the inductor to be at 
least partially Saturated during a Switching cycle. 

20. The regulator of claim 1 wherein the regulated voltage 
output by the linear regulator is coupled to circuitry in an 
electrical device that operates in a low current mode for a 
majority of the time, where the inductor does not operate in 
Saturation. 

21. The regulator of claim 20 wherein the electrical device 
is a cellular telephone. 

22. A voltage regulator comprising: 
a Switching Voltage regulator comprising a power Switch 

electrically coupled to a first terminal of an inductor, 
the Switch being controlled to turn on and off based on 
a feedback signal to the Switching Voltage regulator; 

a linear regulator, having an input electrically coupled to 
a Second terminal of the inductor, for Smoothing out 
ripples in the Voltage applied to the input and output 
ting a regulated Voltage, 

a current Sensor for Sensing when a current exceeds a 
threshold and, in response to the Sensing, issuing a first 
Signal; and 

a Switch, other than the power Switch, for continuously 
coupling a power Supply input Voltage terminal to the 
input of the linear regulator in response to the first 
Signal. 

23. The regulator of claim 22 wherein the combined 
Switching regulator and linear regulator is for providing up 
to a maximum load current, wherein the Switching regulator 
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is unable to provide the maximum load current, and wherein 
the first signal causes the Switch to continuously couple the 
power Supply input voltage terminal to the input of the linear 
regulator during times when the Switching regulator is 
unable to provide Sufficient current to power the load. 

24. A method performed by a hybrid regulator, the regul 
lator for providing a maximum load current, comprising: 

generating a pulsed signal by a Switching regulator turn 
ing on and off a power Switch, the pulsed Signal being 
applied to an inductor and a capacitor to generate a first 
regulated Voltage at a first terminal; 

controlling the conductance of a Series transistor in a 
linear regulator, having a Second terminal electrically 
coupled to the first terminal, So that a Second regulated 
Voltage is generated at an output terminal of the linear 
regulator; and 

at least partially Saturating the inductor prior to the hybrid 
regulator generating the maximum load current. 

25. The method of claim 24 wherein the step of at least 
partially Saturating the inductor comprises at least partially 
Saturating the inductor prior to the regulator reaching 50% of 
the maximum load current. 

26. The method of claim 24 further comprising control 
ling the power Switch to continuously stay on, after a current 
threshold is detected indicative of the inductor being in at 
least a partially Saturated State, So as to continuously couple 
a power Supply Voltage to the input of the linear regulator. 

27. The method of claim 24 further comprising control 
ling the a Switch, other than the power Switch, to continu 
ously stay on, after a current threshold is detected indicative 
of the inductor being in at least a partially Saturated State, So 
as to continuously couple a power Supply Voltage to the 
input of the linear regulator. 

28. A method performed by a hybrid regulator, the regu 
lator for providing a maximum load current, comprising: 

generating a pulsed signal by a Switching regulator turn 
ing on and off a power Switch, the pulsed Signal being 
applied to an inductor and a capacitor to generate a first 
regulated Voltage at a first terminal; 

controlling the conductance of a Series transistor in a 
linear regulator, having a Second terminal electrically 
coupled to the first terminal, So that a Second regulated 
Voltage is generated at an output terminal of the linear 
regulator; 

Sensing when a current exceeds a threshold and, in 
response to the Sensing, issuing a first signal; and 

controlling a Switch, other than the power Switch, for 
continuously coupling a power Supply input voltage 
terminal to the input of the linear regulator in response 
to the first Signal. 

29. The method of claim 28 wherein the Switching regu 
lator is unable to provide the maximum load current, and 
wherein the Step of controlling the Switch comprises con 
trolling the Switch to continuously couple the power Supply 
input voltage terminal to the input of the linear regulator 
during times when the Switching regulator is unable to 
provide Sufficient current to power the load. 

30. A hybrid voltage regulator comprising: 
a Switching Voltage regulator comprising a power Switch 

electrically coupled to a first terminal of an inductor, 
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the Switch being controlled to turn on and off based on 
a feedback signal to the Switching Voltage regulator; 

a linear regulator, having an input electrically coupled to 
a Second terminal of the inductor, for Smoothing out 
ripples in the Voltage applied to the input and output 
ting a regulated Voltage, 

a current Sense amplifier connected to detect the output 
current of the linear regulator; and 
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a current limit comparator receiving a signal from the 
current Sense amplifier and generating a current limit 
Signal when the current output by the linear regulator 
exceeds a threshold, 

the current limit comparator being connected to Suspend 
operation of the Voltage regulator when the current 
limit Signal is generated. 

k k k k k 


